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such as stepping, swimming, and galloping (Berkowitz 2008; Earhart and Stein 2000; Forssberg et al. 1980; Mortin and Stein 1989) . In humans, evidence of consistent muscle timing and interlimb coordination across varied tasks also suggests neural mechanisms used to control a variety of locomotor tasks may be similar (Lamb and Yang 2000; Patrick et al. 2008; Wannier et al. 2001; Zehr 2005; Zehr et al. 2007 ).
The complexity of controlling an extensive repertoire of locomotor tasks may be simplified by the nervous system using a dimensional reduction strategy, in which a limited set of modules is recruited and flexibly combined to control a variety of tasks (Bizzi et al. 1991 (Bizzi et al. , 2000 (Bizzi et al. , 2008 Dominici et al. 2011; Hart and Giszter 2010; Ivanenko et al. 2004 Ivanenko et al. , 2005 Kargo and Giszter 2000; Mussa-Ivaldi et al. 1994; Ting 2007; Ting and Macpherson 2005; Tresch et al. 1999) . A module is a functional unit of the nervous system, largely controlled by brain stem and spinal neural networks (Hart and Giszter 2010; Roh et al. 2011) , that specifies functionally relevant patterns of muscle activation (Dominici et al. 2011) . The selection and timing of modular activation is dependent on task biomechanics Ivanenko et al. 2003; McGowan et al. 2010; Neptune et al. 2009; Ting and Macpherson 2005) and sensory feedback (Cheung et al. 2005; Kargo and Giszter 2008) . Cortical activation also may influence modular control (Gentner and Classen 2006; Holdefer and Miller 2002; Kozlov et al. 2009 ).
Adult human locomotion can be explained by a set of four to five modules, identified using computational algorithms applied to multiple electromyogram (EMG) recordings Dominici 2011; Ivanenko et al. 2004 Ivanenko et al. , 2005 . Modular output is associated with biomechanical features of walking and remains consistent even when factors such as gait speed and body weight support are varied Ivanenko et al. 2004) . Furthermore, modular output associated with walking can explain muscle activation during other locomotor tasks such as recumbent stepping and arm and leg cycling Zehr et al. 2007 ). Similar modular control across locomotor tasks further suggests the underlying neural mechanisms are similar (d'Avella et al. 2003; Tresch et al. 1999) .
Examination of modular control not only provides insight into the mechanisms underlying locomotor control but also provides information regarding the effects of neurological injuries (Cheung et al. 2012; Safavynia et al. 2011) . For example, adults poststroke exhibit fewer modules during walking, and this constraint on modular output is associated with decreased gait speed (Bowden et al. 2010; Clark et al. 2010) and poor biomechanical control . Similarly, adults with ISCIs express fewer modules during walking (Hayes et al. 2011) , and the modules are characterized by greater coactivation of antagonistic muscles (Fox et al. 2011; Hayes et al. 2011) .
Although evidence has emerged regarding the effects of neurological injuries on modular control in adults, the impact of neurological injury on locomotor control mechanisms in children is not well understood (Behrman et al. 2008; Damiano and DeJong 2009; Vogel and Lubicky 1995) . The effects of ISCI on modular control mechanisms in children may differ substantially due to their immature and developing nervous systems (Bregman and Goldberger 1983; Dominici et al. 2011; Petersen et al. 2010) . Preliminary evidence of the mechanisms underlying locomotor control in children emerged in our case report of a child with severe ISCI (Behrman et al. 2008 ). This child recovered reciprocal leg movements enabling independent ambulation with a rolling walker following 76 sessions of locomotor training (Behrman et al. 2008 ). Interestingly, the child also used similar leg movements to perform other locomotor tasks such as crawling, stair climbing, and tricycle pedaling. The child, who was injured at 3.5 yr of age, could not perform these tasks after his ISCI and did not practice them; they emerged following his participation in locomotor training and recovery of reciprocal stepping (Fox et al. 2010) . Based on evidence of neural control strategies used across locomotor tasks, this observation suggests that children may use similar neural mechanisms to control a variety of locomotor tasks and that these mechanisms may persist following ISCI.
The purpose of this study, therefore, was to examine neuromuscular control of reciprocal locomotor tasks (treadmill walking, overground walking, stair climbing, tricycle pedaling, crawling, and supine lower extremity flexion and extension) in children with ISCIs as well as children without neurological injuries (controls). We hypothesized that compared with controls, children with ISCIs would utilize fewer modules to control varied locomotor tasks, suggesting that modules may not be independently activated after neurological injury . Additionally, we hypothesized that each child's (controls and children with ISCIs) pattern of muscle activation would be similar across the varied locomotor tasks, indicating a consistent modular control strategy was used across the tasks.
METHODS

Participants
Five children with intact nervous systems (controls) and five children with ISCIs, classified by the American Spinal Injury Association (ASIA) Impairment Scale as "C" (motor incomplete), participated. The children with ISCIs were injured for Ͼ1 yr. All children were 3-13 yr old (Table 1 ). This age range was selected because a mature gait pattern typically develops by 3 yr (Sutherland et al. 1980) . All children were free from musculoskeletal impairments or secondary health conditions. Inclusion criteria for the children with ISCIs included clinical signs of central nervous system injury such as ankle clonus or positive Babinski reflex. Medical approval for participation was obtained for all children with ISCIs. All study procedures were approved by the University of Florida Institutional Review Board; parents provided written informed consent, and each child provided their assent to participate in the study.
General Procedures
Each child with ISCI was examined according to the ASIA International Standards for Neurological and Functional Classification of Spinal Cord Injury (American Spinal Injury Association 2006). The severity of each child's injury was classified based on the ASIA Impairment Scale and volitional lower extremity movement was assessed using the Lower Extremity Motor Score (Table 1) motor-like tasks, which included treadmill walking, overground walking, pedaling, supine lower extremity flexion/extension, stair climbing, and crawling (details provided below). Control children independently performed all tasks, whereas children with ISCIs often required physical assistance (Table 1) . Two to three trials of each task were performed. The trials each were 30 -60 s in duration for treadmill walking, pedaling, and supine flexion/extension. Overground walking and crawling occurred on a 15-ft pathway, and 3-4 contiguous stairs were used for stair climbing. Each child's performance of the tasks was monitored for consistency in the timing and amplitude of the movements. Performance details of each locomotor task are provided below.
Treadmill walking. After acclimation to treadmill walking, children walked on a 2.5-ft-wide standard treadmill surface (Fig. 1) . All children were discouraged from holding onto the rails and were encouraged to swing their arms reciprocally. Children with ISCIs wore a body weight support harness (Robertson Harnesses, Henderson, NV) attached to a fixed overhead support to unweight ϳ40% of their body weight and prevent falls. Body weight support and assistance during treadmill walking were provided in accordance with locomotor training principles and therefore emphasized upright trunk posture, appropriate lower extremity kinematics, and rhythmic stepping with weight bearing on the lower extremities (Behrman and Harkema 2000) . All children were encouraged to walk using a normal gait pattern, and treadmill speeds were selected to maintain consistency across children yet account for each child's ability and comfort level.
Overground walking. Controls and ambulatory children with ISCIs (n ϭ 2) walked independently across a 15-ft walkway at a selfselected comfortable speed. The two children with ISCIs who were able to complete this task used reverse rolling walkers (Fig. 1) .
Pedaling. Pedaling was performed at a consistent, rhythmic pace using a stationary bicycle or adapted tricycle. As needed, children with ISCIs were assisted to maintain a consistent pace for the duration of each pedaling trial. Children with ISCIs were secured at their waist and chest for safety. Foot straps were used to prevent their feet from slipping off the pedals (Fig. 1) .
Supine lower extremity flexion/extension. Rhythmic, reciprocal lower extremity flexion and extension, mimicking cycling or stepping movements, was performed in a supine position. Controls were cued to perform consistent, full-range movements. Children with ISCIs received physical assistance to perform full-range lower extremity movements at a consistent pace, for several repetitions (Fig. 1) .
Stair climbing. Controls (n ϭ 2) and children with ISCIs (n ϭ 2) ascended three to four contiguous steps without a railing. The children with ISCIs required physical assistance to maintain upright balance without an assistive device or railing. They independently initiated reciprocal lower extremity flexion and extension movements to negotiate the stairs (Fig. 1) .
Crawling. Crawling was performed in a standard quadruped position using a consistent, reciprocating movement pattern (Fig. 1) . Children with ISCIs were manually cued to maintain trunk alignment (e.g., tactile cues to not arch or extend their lumbar spine) and to appropriately place their hands and lower extremities during crawling.
Data Acquisition
To obtain overground gait speed and identify cycles of locomotor activity, children were instrumented with reflective markers using the modified Helen Hayes marker set (Kadaba et al. 1989) . Kinematic data were acquired with an eight-camera passive motion analysis system (Vicon Motion Systems, Oxford, UK). EMG data were recorded during all locomotor tasks using silver-silver chloride surface electrodes placed bilaterally on lower extremity muscles: tibialis anterior (TA), medial gastrocnemius (MG), vastus medialis (VM), rectus femoris (RF), medial hamstrings (MH), and gluteus medius (GM). Electrodes were placed longitudinally over the muscle belly with an interelectrode distance of ϳ2.0 cm. Interelectrode distance was decreased for smaller children to minimize cross talk (Winter et. al. 1994) , and electrodes and leads were secured with tape and medical wrap to prevent mechanical artifact. EMG data were acquired using a synchronized telemetry system (Konigsberg Instruments, Pasadena, CA), sampled at Ն1,200 Hz using Vicon software, and saved to disk for off-line analysis.
Data Analysis
Data were analyzed using custom-written Matlab (The MathWorks, Natick, MA) programs. Overground gait speed was calculated on the basis of the sagittal plane excursion of a reflective marker affixed to a bony landmark on the child's trunk, e.g., C-7 spinous process. Cycles of locomotor activity (e.g., gait cycles, crawling cycles) were determined by visual inspection of the trajectory of the reflective markers affixed to the child's lower extremities. Specifically, kinematic data were viewed frame by frame, and cycle initiation was consistently defined as initial contact of the lower extremity (foot or knee, according to the task) to the next consecutive contact of the same limb during treadmill walking, overground walking, stair climbing, and crawling. In a similar manner, cycles of pedaling and supine lower extremity flexion/extension were defined by each revolution of the lower extremity, starting with the initiation of extension motion of the lower extremity to the next subsequent onset of limb extension. Thus each lower extremity completed cycles of locomotor activity defined by active limb extension [e.g., pushing downward during pedaling or weight bearing (stance) during walking] and limb flexion (e.g., initial forward progression during the swing phase of gait).
EMG data were high-pass filtered at 30 Hz with a zero-lag fourthorder Butterworth filter, demeaned, rectified, and smoothed with a zero-lag fourth-order 4-Hz low-pass Butterworth filter. To minimize the influence of large variations in activation magnitude across muscles, EMG data for each muscle were normalized to that muscle's mean value during that trial. Data were resampled at each 1% of the activity cycle and divided into two regions: flexion or extension phase of locomotor activity.
Nonnegative matrix factorization. For each subject and each lower extremity, the original EMG data (EMG o ) for each trial of locomotor activity were combined into an m ϫ t matrix, where m is the number of muscles (maximum ϭ 6 muscles) and t is the time [t ϭ number of cycles of activity ϫ 101 (i.e., 0 -100% of the activity cycle)]. A nonnegative matrix factorization (NNMF) algorithm (Lee and Seung 1999; Ting and Macpherson 2005) was applied to the original m ϫ t matrix. After the number of modules (n) is specified, the NNMF algorithm iteratively populates two matrices. Matrix 1 (m ϫ n) indicates the relative weighting of each muscle within each module. The NNMF algorithm permits muscles to belong to more than one module, and the weighting for each muscle is held constant across the gait cycle. Matrix 2 (n ϫ t) indicates the relative activation magnitude of each module across the gait cycle. The product of these matrices is a reconstruction of the EMG (EMG r ). The agreement between EMG r and EMG o was calculated using the sum of the squared errors:
2 . The NNMF algorithm iteratively adjusts matrix 1 and matrix 2 until the error between EMG o and EMG r is minimized.
Determining the number of modules to reconstruct the original EMG data. To determine how well EMG r explained the variability in the EMG o , the variance accounted for (VAF) was calculated separately for each leg and locomotor task, for each subject (Eq. 1). VAF values also were calculated separately for each muscle and gait cycle region to ensure a high integrity of reconstruction.
The reconstructed models and VAF values were calculated and compared using one, two, three, four, and five modules. The number of modules required to adequately reconstruct the EMG data was defined as the smallest number of modules for which the overall VAF was Ն90% and the VAF for each individual muscle and region of the locomotor cycle (flexion or extension) was Ն85% . In some instances, the overall VAF was Ն90% but the VAF values for some muscles and regions of the data were Ͻ85%. In these cases, if the addition of another module to the reconstructed model did not increase the overall VAF more than 4%, the lower number of modules was accepted (Ting and MacPherson 2005) .
Determination of modular control used across locomotor tasks. To determine whether the muscle groupings that control treadmill walking were activated together in a similar manner for control of overground walking, pedaling, supine flexion/extension, stair climbing, and crawling, the module weightings (i.e., matrix 1) from treadmill walking (for each child) were used to reconstruct the EMG from each of the other locomotor tasks (Gizzi et al. 2011; Torres-Oviedo et al. 2006) . That is, NNMF was run for each locomotor condition with matrix 1 fixed at the values obtained from treadmill walking and matrix 2 undergoing the previously described iterative optimization procedure.
Statistical Analysis
To determine if children with ISCIs use fewer modules to control locomotor tasks, group differences (controls vs. ISCI) in the overall number of modules used across all locomotor tasks were compared using a Wilcoxon rank-sum test. We followed this comparison with a post hoc analysis of our statistical power. Group differences in the number of modules used during each locomotor task also were examined using the Fisher's exact test. To further determine the difference between the two groups, the effect size was calculated for each locomotor task, using Cohen's d, based on the pooled standard deviation from both groups. Statistical significance was established at P Ͻ 0.05. The methods described above (Determination of modular control used across locomotor tasks) were used to quantitatively assess if, for each child, the pattern of muscle activation during treadmill walking could account for the pattern of muscle activation used during other locomotor tasks (Gizzi et al. 2011; Torres-Oviedo et al. 2006) .
RESULTS
Number of Modules Used by Controls and Children With ISCIs
Across all locomotor tasks, an average of 3.26 modules (SD ϭ 0.65; mode ϭ 3) was required to account for muscle activation in the lower extremities of control children (5 children, n ϭ 10 lower extremities) ( Table 2) . Four modules were required in 38% of the cases, three modules in 51% of the cases, and two modules in 11% of the cases (Table 3; Figs. 2 and 3). Across the tasks, crawling required the highest number Values are means; SD are indicated in parentheses. The number of modules used by children with ISCIs was lower than the number required by control children (*P Ͻ 0.05, 1-sided) overall and for overground walking (*P Ͻ 0.05) and crawling (*P Ͻ 0.05). According to Cohen's convention (1988) , large effect sizes were detected for each of the group comparisons (Ͼ0.80). Variance accounted for (VAF) indicates the average percentage of the variance accounted for when the muscle activations for treadmill walking were used to reconstruct the EMG data recorded during other locomotor tasks. Values are indicated for TM walking, OG walking, pedaling, supine flexion/extension, stair climbing, and crawling.
of modules (average of 3.60 modules) and supine flexion/ extension required the fewest modules (average of 2.90 modules) (Tables 2 and 3) .
Fewer modules were needed to account for muscle activation in the lower extremities of children with ISCIs compared with controls (1-sided, P Ͻ 0.05) (Tables 2 and 3; Fig. 4 ) when evaluated across all tasks. The statistical power of this group comparison was 0.77. An average of 2.11 modules (SD ϭ 0.71; mode ϭ 2) was required to account for the EMG data recorded in lower extremities of children with ISCIs. Four modules were required in 5% of the cases, three modules in 17% of the cases, two modules in 64% of the cases, and one module in 14% of the cases (Table 3) . Treadmill walking had the highest module requirement with an average of 2.80 modules. Supine flexion/ extension required the fewest modules, requiring an average of 1.70 modules (Tables 2 and 3) .
Module Composition and Timing of Activation
The modules exhibited by control children during overground and treadmill walking displayed characteristics similar to modules identified in the lower extremities of healthy adults . In children who required four modules to account for their lower extremity muscle activation during walking, module C-1a, which was active during early stance, consisted primarily of VM and GM activation, and to a lesser extent, RF activation (Fig. 2) . Module C-2a consisted mainly of MG activation and was active during late stance. Module C-3a was composed of TA and RF activation and was active during early swing and late swing to early stance. Module C-4a was active during late swing to early stance and consisted of MH activation, and to a lesser extent, TA activation (Fig. 2) .
In children who required three modules to account for their lower extremity muscle activation during walking (Fig. 3) , two of the modules had characteristics similar to the modules in the four-module set, and one module exhibited characteristics of combined module activation. Module C-1b had characteristics of modules C-1a and C-2a (Fig. 3) . This was apparent based on dual peaks in the activation timing profile (peaks in early and late stance) and representation of VM and RF (generally seen in early stance, module C-1a) combined with representation from MG (active during late stance, module C-2a). Module C-2b displayed attributes of module C-3a (TA and RF activation during early to mid swing), and module C-3b exhibited properties similar to module C-4a (identified in the 4-module set) (Fig. 3) .
In contrast to the task-specific activation timing observed in the modules identified in controls, the modules identified in the children with ISCIs exhibited coactivation across multiple muscles and less distinct activation timing. This was most apparent in the lower extremities of children who required two modules to account for muscle activation during overground or treadmill walking. Coactivation across nearly all muscles except MH was evident in module SCI-1a (Fig. 4A) . This module was active during stance. Distinct from the modules used by controls, this module included substantial coactivation in antagonistic muscles MG and TA. The second module, module SCI-2a, with a single peak of activation during swing, had the highest representation from MH with smaller contributions from the other muscles (Fig. 4A) .
One child, SCI-6, required four modules to account for his pattern of muscle activation during treadmill stepping. However, this child could not stand or walk overground and could not perform isolated lower extremity joint movements. The representation of muscles within each of the four modules used by this child displayed characteristics similar to those used by controls (Fig. 4B) . Module SCI-1b had strong representation from VM and RF, but was active during late stance, rather than early stance. Module SCI-2b consisted of strong representation from the MG; however, timing of the module across the gait cycle was variable. Module SCI-3b had strong representation from the TA and was active during late stance and early swing. The fourth module (module SCI-4b) consisted of MH activation and the peak of activation coincided with mid swing (Fig. 4B) .
Neuromuscular Control Across Locomotor Tasks
With the use of the muscle weightings from treadmill walking and task-specific timing profiles, the VAF exceeded 86% for all locomotor tasks in both groups of children (Table 2) . Specifically, for the controls, the VAF was Ͼ90% for the tasks of overground walking, pedaling, supine flexion/extension, and crawling. The VAF exceeded 90% for all tasks performed by the children with ISCIs (Table 2) .
DISCUSSION
The purpose of this study was to examine neuromuscular control of reciprocal locomotor tasks in children with ISCIs as well as uninjured children. Across both groups of children, lower extremity muscle activation during five reciprocal locomotor tasks was explained by a small set of motor modules. The data indicate that fewer modules are used to control locomotor tasks in children with ISCIs. For each child, the pattern of muscle activity evident in the modules during treadmill walking explained a high proportion of the variance (VAF values exceeded 86%) in the EMG data recorded during other reciprocal locomotor tasks. This finding was robust in all children in both groups and is consistent with previous studies in animals (Earhart and Stein 2000; Forssberg et al. 1980 ) and healthy adults Wannier et al. 2001; ). Similar modular organization across tasks suggests that the nervous system can construct complex lower extremity movements from a small set of building blocks. Our findings For each locomotor task, the number of lower extremities that were included in the calculation is indicated in parentheses for controls and children with ISCIs (Controls/ISCIs). For each group, the percentage of lower extremities that required 1 to 4 modules to achieve Ն90% of the VAF in the EMGs recorded during each locomotor task is indicated.
indicate that this fundamental control strategy is present both in uninjured children and following pediatric ISCI.
Effect of Pediatric ISCI on Modular Control of Locomotor Tasks
Consistent with our hypothesis, fewer modules were required to explain the muscle activation in the lower extremities of children with ISCIs performing a variety of rhythmic, reciprocal locomotor tasks compared with healthy, uninjured children. Children with ISCIs most often required two modules and relied on synergistic muscle coactivation across the flexion and extension phases of each task (Fig. 4A) . The timing of each module was consistent with the general reciprocating limb movements associated with each task. The coactivation of antagonistic muscles, such as the TA and MG in module SCI-1a during the extension phase of the movement (Fig. 4A) , however, was inconsistent with the modules identified in the control children and the task requirements. The use of fewer modules and the timing of activation suggest a less complex coordination strategy in which modules may be coactivated to a greater extent due to damage to neural control structures (Cheung et al. 2012 ). For instance, based on the pattern of muscle activation and activation timing during the first 50% of the gait cycle, module SCI-1a (Fig. 4A) appears to be coactivation of modules C-1a and C-2a (Fig. 2) . Clark et al. (2010) similarly reported "merged" or co-activated modules in the hemiparetic lower extremities of ambulatory adults poststroke, and the presence of merged modules was associated with walking impairment . Merging of modules, therefore, may reflect a complex interaction between fundamental control strategies and altered task biomechanics.
After ISCI, a reduced number of modules also likely reflects damage to neural control structures or altered neural control (Cheung et al. 2012; Hart and Giszter 2004) . Specifically, each task required rhythmic, reciprocal lower extremity flexion and extension movements that are believed to be organized largely by spinal pattern generators located below the level of the SCI lesion (Dietz 2003; Edgerton et al. 2004 ). These neural centers were not directly damaged in the children with ISCIs, since the lesions were above the lumbosacral region (Table 1) . Descending input to these lumbosacral segments, however, likely was disrupted substantially. Basic science studies indicate that reduced descending input results in more extensive muscle coactivation (Hart and Giszter 2004) , and this also is evident in adults poststroke (Cheung et al. 2012) . This is consistent with the reduced lower extremity motor scores of the children with ISCIs, suggesting corticospinal input was severely compromised.
In contrast to these findings in children with ISCIs, control children most often required three or four modules to account Each bar corresponds to data from 1 lower extremity; the data are sorted from greatest to least for each muscle. The weighting for the muscle with the greatest activation is set to 1. Right: activation timing profiles indicate the relative level of activation of a module across the gait cycle (0 -100%). The timing profiles from 1 representative lower extremity are shown. Each module was active at a distinct time point consistent with key biomechanical demands for overground walking Neptune et al. 2009 ).
for muscle activation across varied locomotor tasks. A set of four or five motor modules is required to account for muscle activation during walking in healthy adults Ivanenko et al. 2004 ). The activation timing profiles of the modules used by control children during treadmill and overground walking were highly consistent with modular activation in healthy adults Ivanenko et al. 2004; Neptune et al. 2009 ) and children (Dominici et al. 2011 ). In the set of three modules, the dual activation timing peaks in module C-1b appeared to be a merging of modules C-1a and C-2a (Fig. 3) . Furthermore, the timing of this module during stance was relatively consistent with the timing of module activation identified in healthy preschool children (Dominici et al. 2011) . Each of the four modules identified in control children was active in a specific region of the gait cycle that was appropriate for achieving the biomechanical requirements of that region (Fig. 2) . This suggests that in the uninjured nervous system, modular organization of muscle activity serves to facilitate specific biomechanical task demands (Neptune et al. 2009; Torres-Oviedo et al. 2006 ).
Modular Organization is Similar Across Varied Locomotor Tasks
For both groups, the modular organization of muscle activation defined from treadmill walking explained a high proportion (in nearly all instances Ն90%) of the muscle activation used during overground walking, pedaling, supine flexion/ extension, stair climbing and crawling. This finding is consistent with studies of vertebrate locomotion in animal models and recent work in humans (Earhart and Stein 2000; Forssberg et al. 1980; Stoloff et al. 2007; Wannier et al. 2001 ). Furthermore, basic science studies suggest that similarities in modular control reflect similar neural control mechanisms used across locomotor tasks (Bizzi et al. 2000; Ting and Macpherson 2005) . Thus, overall, our findings are consistent with the notion that the nervous system utilizes a fundamental set of building blocks to construct complex motor behaviors (Bizzi et al. 2008; Cheung et al. 2005 ).
Task-Specific Sensory Input Alters Modular Organization
Although all of the locomotor tasks required rhythmic, reciprocal lower extremity movements, each task also had distinctive requirements for joint kinematics, postural stabilization, limb loading, and upper extremity use. Furthermore, the tasks varied in the degree of optic flow and vestibular input. These diverse task demands and afferent inputs may be reflected in the variations in modular control demonstrated across the locomotor tasks. While we did find that the modules for treadmill walking can explain at least 86% of the VAF in the EMG from all other tasks, we also found a consistent order to the ranking of the number of modules required for each task. For instance, on average, supine flexion/extension had the lowest modular requirement across both groups. This task does not require trunk stabilization or lower extremity weight bearing. Moreover, during supine flexion/extension, the hip joint does not move into an extended position (Fig. 1) . Limb loading (Harkema et al. 1997 ) and hip joint position (Dietz et al. 2002) are two critical afferent inputs that influence and modulate motor output during locomotion (Ferris et al. 2004; Maegele et al. 2002) . Absence of these locomotor-specific inputs may account for the reduced number of modules required to explain muscle activation during supine flexion/extension.
The role of locomotor-specific afferent input also may explain why treadmill walking required the greatest number of modules to account for muscle activation in children with ISCIs. The children with ISCIs were provided partial body weight support, physical assistance, and cueing to perform treadmill walking in a manner consistent with unimpaired walking. Thus locomotor-specific afferent input pertaining to lower extremity loading, limb kinematics, stepping speed, and reciprocal arm movements was enhanced during treadmill walking (Behrman and Harkema 2007) compared with afferent input during other tasks. This ensemble of task-specific sensory inputs regulates neuromuscular activation during walking (Maegele et al. 2002) and may have contributed to the activation of additional modules and a more complex locomotor output. This was most apparent in the child (SCI-6) who exhibited little activation in muscles below his injury yet required four modules to account for muscle activation during treadmill walking. This child had a lower extremity motor score of 0/50 and tests of voluntary movement indicating that he only could perform slight contractions of his hip flexor muscles and slight toe movements. During all locomotor tasks, he required nearly full assistance to complete the tasks. Based on these factors, his muscle activation during treadmill walking may reflect the influence of task-specific afferent input on spinal centers below his spinal cord lesion (Dietz and Harkema 2004; Harkema 2008; Maegele et al. 2002) . It is intriguing that some characteristics of this child's modular output were relatively consistent with healthy modular control, whereas some features were altered. For instance, module SCI-2c (Fig. 4B ) consisted primarily of MG activation, which is similar to module C-2a (healthy child; Fig. 2 ). Module SCI-2c, however, had a timing profile that was not consistent with modules identified in controls. The timing profile (module SCI-2c, Fig.  4B ) did not have clear peaks of activation and was asymmetric across the right and left lower extremities. In contrast to treadmill walking, children with ISCIs walked overground at slower speeds, relied on a reverse rolling walker, and used alternative movement strategies to advance their limb Maegele et al. 2002; Phadke et al. 2007; Visintin and Barbeau 1994) .
Methodological Limitations
The outcomes from this study may be influenced by methodological factors such as the number of subjects, injury severity, differences in the task conditions (e.g., use of a walker) across the two groups of children, and the number of lower extremity EMGs. We studied modular control in a small set of healthy children and children with ISCIs. Although our results are consistent with prior studies of modular control in adults and adults with neurological injuries, the findings may apply to a specific population of children with ISCIs. Children with spinal cord injuries (complete and incomplete) represent ϳ10% of the population of individuals with spinal cord injuries (Vitale et al. 2006) . Our cohort of children with ISCIs, therefore, represents a subset of the population of children with spinal cord injuries. Furthermore, the children with ISCIs who participated in this study had severe, chronic injuries. Injury severity was evaluated on the basis of the Lower Extremity Motor Score or the amount of volitional, isolated lower extremity joint movement and strength (Table 1 ). Thus our findings may reflect neuromuscular control in a limited population of children with severe, chronic ISCIs.
To compare similar rhythmic, reciprocal movements in the two groups of children, physical assistance was provided to the children with ISCIs and the use of an assistive device was required to enable independent ambulation overground. These differences in task conditions may have affected the modular organization of muscle activation and influenced the results of our study. Thus an alternative interpretation of the data may be that differences in modular control between the two groups are attributed to the differences in task conditions (i.e., assistive device use and manual assistance). Although these factors were not elucidated in children with ISCIs, comparisons of muscle activation in ambulatory adults with ISCIs during treadmill walking indicate that the patterns of muscle activation are generally unchanged when manual assistance is provided (Domingo et al. 2007) . Moreover, studies examining the effect of various load perturbations (Cheung et al. 2009 ) and biomechanical constraints (Torres-Oviedo and Ting 2010) indicate that modular control remains consistent under various task conditions, suggesting a fundamental neural control strategy (Ting and McKay 2007) . It is unclear how the nervous system develops new motor modules and at what threshold the task conditions require alterations in the neural control strategy (Cheung et al. 2012 ). This may be particularly relevant when the nervous system is not fully developed or injured, such as in the case of children with ISCIs (Torres-Oviedo and Ting 2010). A control group of children with fully intact central nervous system function, with task conditions specifically matched, (i.e., device use and manual assistance) may be particularly useful in expounding these factors.
The number of lower extremity EMGs that were recorded also could influence the outcomes of this study. Indeed, a greater number of EMGs would further enhance our understanding of neuromuscular control and allow for more direct comparisons with previous studies of modular output (Bowden et al. 2010; Clark et al. 2010 ). We would not, however, expect the overall results of this study to be altered by a greater number of recordings. Because the same number of EMGs (6, bilateral lower extremity muscles) was recorded in the controls and children with ISCIs, we would expect the relative proportion of modules in the two groups to remain consistent even if the number of EMGs was increased. Additionally, the six bilateral lower extremity EMGs recorded activation in key muscles associated with locomotor control and previously identified to be distributed across each of the four modules activated during walking Gizzi et al. 2012) . Although additional recordings of lower extremity and trunk muscles can provide greater insights into synergistic muscle activation, a fundamental modular organization of muscle activation can be identified from a limited number of recordings (Gizzi et al. 2011 ). Gizzi and colleagues tested the effect of recording from a smaller set of muscles by comparing the results of their factorization based on 16 bilateral EMGS to their results from 7 bilateral EMGs. In both instances, four modules were required to account for the recorded muscle activation.
The modular organization exhibited by each child with ISCI likely was influenced by factors that could not feasibly be controlled, including those pertaining to the child's injury (e.g., etiology, age at the time of injury), motor experiences before and after injury, and rehabilitation experiences (Edgerton 2004) . Indeed, the children with ISCIs had diverse injuries and motor experiences. For instance, two of five children were injured as infants and never developed walking before injury. Two children were injured secondary to traumatic accidents and a third child had an ISCI caused by a surgical resection of a spinal tumor. Of the two children who walked overground with a rolling walker, one was injured as an infant and had not developed walking skills before injury, and the other had a traumatic injury at 3.5 years and was nonambulatory for 16 mo after injury. Interestingly, both children gained walking function after several months of locomotor training (Behrman et al. 2008) . Moreover, both children required two modules to account for the activation in each of their lower extremities (n ϭ 4 lower extremities, each required 2 modules) (Fig. 4A) . Therefore, despite a small sample size, the diversity of injuries and experiences among the children may indicate that the findings of reduced modular control in the children with ISCIs and similar modular control across tasks may be particularly meaningful relative to the effect of pediatric spinal cord injury on fundamental control mechanisms.
Clinical Application
Identification of fewer modules required to account for the muscle activation across locomotor tasks in children with ISCIs provides evidence of the effect of ISCI on neuromuscular control mechanisms (Safavynia et al. 2011) . Identifying underlying mechanisms associated with locomotor control is critical for the development of rehabilitation interventions designed to restore walking and locomotor function after pediatric-onset ISCI. Furthermore, the use of shared control strategies across varied locomotor tasks suggests that rehabilitation interventions, such as locomotor training, that activate spinal neural networks (Edgerton et al. 2004 ) may have benefits that extend to a variety of locomotor tasks ).
